Abstract: The three-dimensional structure of salt marsh plant canopies, amongst other marsh surface characteristics, is of critical importance to the functioning and persistence of coastal salt marshes. Together with plant flexibility it controls the contribution of vegetation to the tidal flow and wave energy dissipation potential of marshes. However detailed information on these two key biophysical properties of salt marsh canopies is scarce. In this paper we present biophysical properties of four plants commonly occurring in NW European salt marshes. We measured stem flexibility, diameter and height of the grasses Spartina anglica, Puccinellia maritima and Elymus athericus and above ground biomass and canopy height in stands of Elymus athericus and the dwarf shrub Atriplex portulacoides. Further we compared the performance of two methods for the non-destructive assessment of above ground biomass, such that they may be used during field assessments of marsh surface vegetation structure (i) Measurement of light availability within the canopy and (ii) side-on photography of vegetation. All data were collected on a salt marsh on the Dengie Peninsula, eastern England, UK, in summer (July). We found significant differences in stem flexibility both between species and between the different parts of their stems. P. maritima was found to be the species with the most flexible stems, and, as a result of their relatively large stem diameter, S. anglica the species with the stiffest stems. Above ground biomass and hence potential canopy resistance to water flow could be estimated more accurately by side-on photography of vegetation than from measurement of light availability within the canopy. Our results extend the existing knowledge base on plant properties with relevance to studies of habitat structure and ecosystem functioning as well as wave energy dissipation in salt marsh environments and can be used for the development of a more realistic representation of vegetation in numerical models and laboratory flume studies of plant-flow interactions.
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Abstract

34
The three-dimensional structure of salt marsh plant canopies, amongst other marsh surface 35 characteristics, is of critical importance to the functioning and persistence of coastal salt marshes. 36
Together with plant flexibility it controls the contribution of vegetation to the tidal flow and wave energy 37 dissipation potential of marshes. However detailed information on these two key biophysical properties 38 of salt marsh canopies is scarce. 39
In this paper we present biophysical properties of four plants commonly occurring in NW European 40 salt marshes. We measured stem flexibility, diameter and height of the grasses Spartina anglica, 41
Puccinellia maritima and Elymus athericus and above ground biomass and canopy height in stands of 42
Elymus athericus and the dwarf shrub Atriplex portulacoides. Further we compared the performance of 43 two methods for the non-destructive assessment of above ground biomass, such that they may be used 44 during field assessments of marsh surface vegetation structure (i) Measurement of light availability 45 within the canopy and (ii) side-on photography of vegetation. All data were collected on a salt marsh on 46 the Dengie Peninsula, eastern England, UK, in summer (July). 47
We found significant differences in stem flexibility both between species and between the different 48 parts of their stems. P. maritima was found to be the species with the most flexible stems, and, as a 49 result of their relatively large stem diameter, S. anglica the species with the stiffest stems. Above ground 50 biomass and hence potential canopy resistance to water flow could be estimated more accurately by 51 side-on photography of vegetation than from measurement of light availability within the canopy. 52
Our results extend the existing knowledge base on plant properties with relevance to studies of 53 habitat structure and ecosystem functioning as well as wave energy dissipation in salt marsh 54 environments and can be used for the development of a more realistic representation of vegetation in 55 numerical models and laboratory flume studies of plant-flow interactions. 56 57
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Furthermore, there has so far been no comparison between the photo-method and other non-138 destructive ways of assessing above ground biomass and canopy structure such as the measuring of light 139 availability in the canopy (Schrautzer and Jensen 2006) . The light measurement approach originates from 140 the field of agricultural science, where it has been used to estimate crop yields (Webb et al. 2008 ). In 141 comparison to the photo-method, measurements of light availability offer several advantages. The above 142 ground biomass estimates are derived by analysing a larger surface area and can be calculated directly 143 from the light availability recorded, while the photo-method requires the complex processing of 144 vegetation photographs that can be affected by subjective interpretation (Neumeier 2005) . Moreover, 145 damage to the vegetation is minimized as the slim light measuring probe can be easily inserted into even 146 the densest canopies. 147
In this study we consider plant flexibility and above ground biomass, two biophysical properties of 148 salt marsh canopies that both need to feed into wave dissipation models, if the predictive capacity of 149 such models is to be improved; furthermore we evaluate two methodologies to assess above ground 150 biomass as a proxy for more complex canopy bulk properties such as canopy structure and density: 151
we present field observations of stem flexibility as well as stem diameter and stem length of 153 S. anglica, Puccinellia maritima and E. athericus, three grasses that form large stands in 154 many salt marshes of NW Europe; and 155
we compare the performance of the photo-method with that using measurements of light 156 availability for non-destructive assessment of above ground biomass in canopies of two salt Our study thus presents the first data set with systematically collected information on biophysical 161
properties of salt marsh canopies acquired by using a series of alternative methodologies. In this 162
way it provides critical input not only for the study of the ecological importance of canopy structure 163 but also for a greater insight into the reasons why an approximation of hydrodynamic drag based 164 solely on incident flow regime and plant stem density, diameter and height, remains elusive. (Fig. 1b, 1c) Over the vegetated marsh edge (at an elevation of 2.4 m ODN) at Tillingham (Fig. 1b, 1c The perennial grass P. maritima has its typical habitat in the low marsh, although at Tillingham, it 207 extends into the mid marsh and in salt marshes with sandy substrates it can also be found in the pioneer 208 zone. P. maritima is a common grass of European salt marshes and especially of grazed salt marshes, as 209 the species is tolerant to trampling, biomass loss and waterlogging. 210 A. portulacoides often forms monospecific stands in the low marsh. Moreover, the species is sensitive to 218 grazing and trampling. 219 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In total 15 stems of each species were harvested and used for bending tests. Prior to performing the 244 tests, stem length up to the onset of the youngest leaf was measured and stems were divided into three 245 equal parts (bottom, middle, top). The test section was cut from the middle of each part. To minimize 246 the effect of shear stress, a maximum stem-diameter-to-length ratio of 1:15 was chosen. At each end of 247 the stem sections, two diameters were measured with an electronic caliper (precision ± 0.5 mm). 248
Bending tests of S. anglica were conducted with a standardized stem section length of 50 mm and, for 249
P. maritima and E. athericus, a length of 36 mm. 250
The bending tests were performed with an INSTRON 5544 mechanical testing machine (precision ± 251 0.5%) using a 100 N load cell (INSTRON Corporation, Canton, MA, USA). The stem test section was placed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 centrally onto two support bars and a metal bar was lowered from above at a displacement rate of 10 253 mm min -1 (Fig. 2) . The vertical deflection of the stem, D, and the corresponding force, F, were recorded. 254
Flexural rigidity was calculated from the slope of the force deflection curve F/D as EI = (s
F)/(48D), where 255
s is the horizontal span of the stem between the two support bars (Fig. 3) (Usherwood et al. 1997) . 256
The second moment of area was calculated as 257 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Field measurements were undertaken in July 2013. In both stands of A. portulacoides (hereafter 286 referred to as Atriplex) and E. athericus (hereafter referred to as Elymus) 10 plots of 1 x 1 m size were 287 chosen to represent a range of various canopy densities. Canopy height was measured at 10 randomly 288 chosen locations within each plot using a folding rule. In the case of Elymus, the stem length was 289 recorded whilst for Atriplex the height of the youngest leaf or branch tip was measured. At each plot, 290 light availability in the canopy was recorded initially, followed by the application of the photo-method as 291 described below. To calibrate both methods by identifying the relationship between light availability and 292 dry above ground biomass (hereafter referred to as biomass) as well as between canopy density on the 293 photograph and biomass, the vegetation contained in the plot sections used for the photo-method 294 (0.6 m x 0.2 m) was harvested and the dry biomass determined, after drying for 48 h at 60 o C. 295 296
Measurement of light availability 297
Light availability in the canopy was recorded by measuring photosynthetically active radiation (PAR) 298 with a Sunscan Canopy Analysis System (Delta T Devices Ltd. Cambridge, UK). The method uses a 0.015 m 299
x 1 m probe containing 64 photodiodes that is inserted into the canopy (Fig. 4a) . Light conditions were 300 clouded skies at noon. On each of the 1 m 2 plots five measurements were taken in the x-and five in the 301 z-dimension of the plot. All measurements were taken on the soil surface above the litter layer. PAR 302 measurements were expressed as relative irradiance (RI) which characterizes the light intensity within 303 the canopy relative to that existing above the canopy. PAR above the canopy was measured with a 304 incident solar radiation sensor mounted on a tripod immediately above the canopy. RI decreases with 305 increasing canopy density from the top of the canopy towards the soil surface. taken against a red background board using a portable photo-frame (Fig. 4b) . 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 The digital images were processed using Erdas Imagine 10.1 image processing software and a series 314 of programme routines written in Matlab R2012a software to achieve: 315 1) Rectification and cropping of the image to the size of the background board, thus excluding all 316 other elements besides vegetation and background from the digital photograph (Matlab); 317
2) Unsupervised classification of each image into 20 classes and subsequent manual class 318 attribution to two classes, yielding binary images with the two classes "vegetation" (0, black 319 pixels) and "background" (1, white pixels). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Results from the calibration of measurements of light availability revealed that in both the Atriplex 368 and the Elymus canopy biomass increased with RIA in a non-linear way. A clear relationship between RIA 369 and biomass could not be identified. In dense stands of vegetation a further increase of biomass resulted 370 only in minor increases in RIA (Fig. 7a, 7b ). In the canopy of Atriplex, the amount of biomass beyond 371 which no further increase in biomass could be detected (hereafter referred to as biomass threshold 372 value) was well below the mean biomass of Atriplex, at around 0.85 kg/m 2 . In the Elymus canopy, the 373 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Fig. 7c, 7d) . In both the canopy of Atriplex and Elymus the biomass threshold value, 380 beyond which a further increase of biomass would no longer result in an increase of vegetation pixel 381 density, does not appear to have been reached in this study. 382 383 # Fig. 7  384 
Vertical biomass distribution 385
Our results suggest an exponential relationship between RIA in the Elymus canopy at heights above 386 the ground of 0.4 m, 0.2 m and on top of the litter layer (0 m) and the amount of biomass in the top 387 canopy layer, the top and the middle canopy layer and of the whole canopy (Fig. 8a) . Rates of increase in 388 RIA became smaller with an increase in biomass and conversely with a decrease in height above the 389 ground within the canopy. Measurements of light availability at a defined canopy height represent the 390 cumulative amount of irradiation absorbed by the canopy above. Hence it remains unclear whether this 391 pattern was caused by increase in biomass weight per unit volume or by an increase of canopy density 392 and shading effects. 393
By contrast the photo-method allowed analysis of vegetation pixel density and biomass in the top, 394 middle and bottom canopy layer alone. We found an exponential relationship between both variables 395 (Fig 8b) . This suggests that there was an increase in biomass weight per unit volume with decreasing 396 height within the canopy of Elymus. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The fact that flexural rigidity of all three species shows high variability (Fig. 6) P. maritima in their ability to dissipate wave energy and found both species to be equally effective due to 435 much higher values for stem density in stands of P. maritima. The fact that stem density may 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 with the photo-method at various canopy densities in stands of S. anglica (Fig. 7d) . In the structurally 457 complex Atriplex vegetation type, more samples are needed to verify the exponential increase of 458 biomass with vegetation pixel density (Fig. 7c) . 459
Two main reasons account for the non-linear trend between absorbed relative irradiation and 460 biomass as well as vegetation pixel density and biomass reported here. First, when canopy density 461 increases plant elements in the different horizontal and vertical canopy layers may shade one another, 462 causing saturation in absorbed relative irradiation and in vegetation pixel density. According to our 463 results, measurements of light availability are more sensitive to saturation and an underestimation of 464 biomass due to shading effects than the photo-method. 465
Second, the space occupied by a plant element in the canopy is not directly related to its weight per 466 volume unit (Neumeier 2005) . Consequently, an increase of biomass due to an increase of woody plant 467 elements is not necessarily reflected by a decrease in light availability or an increase in vegetation pixel 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 density. This applies particularly to assessments of the vertical biomass distribution in the canopy, as in 469 stands of many plant species the percentage of woody plant elements increases near the soil surface. 470
Our results suggest that the photo-method is more appropriate to assess the vertical distribution of 471 biomass in the canopy than measurements of light availability at different heights within the canopy. 472
Light availability recorded at a defined height within the canopy represents the cumulative absorption of 473 relative irradiation by the canopy layers above. Light penetration from one canopy layer through to the 474 next is strongly affected by variation in spatial arrangement and orientation of plant elements within the 475 canopy. Consequently, it is difficult to establish a relationship between the amount of irradiation 476 absorbed by the top, middle and bottom canopy layer alone and the biomass present in the respective 477 layers. 478
By contrast, the photo-method allowed for the analysis of vegetation pixel density and biomass in 479 the bottom, middle and top canopy layer. The increase in biomass weight per unit volume with 480 decreasing height in the canopy found in this study implies an increase of lignifications and stiffness of 481
Elymus stems near the soil surface -an assumption that is confirmed by the results of the stem flexibility 482 measurements reported in this paper. 483
Future studies that aim to quantify vegetation canopy resistance to water flow must also address 484 the complication that arises when the submergence of the canopy results in a vertical biomass 485 distribution within the canopy that differs from that measured when the canopy is dry. Once again, the 486 need to consider such canopy buoyancy effects may be species specific, with stiff and upright growing 487 species, such as Spartina spp., being less affected than species with more flexible stems, such as 488 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 distribution affects the bending angle and re-orientation of stems under wave forcing (Feagin et al. 501 2011) . 502
The comparison of methods for the non-destructive assessment of biomass and canopy structure 503
showed that the photo-method is a more appropriate technique than the measurement of light 504 availability. While measurements of light availability showed saturation at low biomass values, analysis 505 of digital photographs of vegetation allowed for the estimation of biomass over the whole range of 506 biomass values and in both types of canopy architecture tested. Moreover, it was more suitable for the 507 estimation of vertical biomass distribution and, given that it measures the area of the vegetation 508 elements projected into horizontal flow (rather than obstruction to light coming from above), could be 509 considered a more meaningful parameter in relation to flow and wave dissipation. 510
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